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RESEARCH MEMORANDUM

ALTTTUDE-FERFORMANCE AND REYNOLDS NUMBER INVESTIGATION
OF CENTRIFUGAL-FLOV~-COMPRESSOR TURBOJET ENGINE

By H. D. Wilsted and R. E. Grey

SUMMARY

The performance of a centrifugal-flow-campressor turboJjet
engine was Investligated in an altitude chamber over a range of
simulated-flight condltions from sea level to 65,000 feet at flight
Maoh numbers from 0.27 to 1.25., "In additlon to showing altitude
performance characteristics, the effect of Reynolds number on altl-
tude engine performance, corrected to standard sea-level conditions,
1s presented.

Englne performance data could be gensrallzed gt altltudes to -
30,000 feet by conventional methods but could not be generalized for
higher altitudes. At en altlbude of 30,000 feet, performance date could
also be generalized for varyling £flight Mach number over the range of
englne gpeeds at which critlecal flow existed in the Jet nozzle., At
altitudes sbove 30,000 feet, engline performance was correlated with
Reynolds nimber index based on englne-inlet stagnation conditlons. This
correlation was Independent of flight Mach number for the engine speeds
investigated (90 and 100 percent of rated speed). An empirical correo-
lation paremeter for cambustlon efficlency was presented, which was a
Function of engine operating conditions and correlated all of the data
except at fuel-alr ratlos below 0.007.

INTRODUCTION

The design and the tactlical use of alrcraft For ever increasing
altitudss and flight speeds demands an accurate method for predicting
engine performance at these flight conditions. Altitude-chamber and
wind-~tunnel investigations of the performance of turbojet englines such
as those reported in references 1l to 4 have shown that the conventional
correctlion factors fall to generalize the -englne performsnce variables
at high gltitudes. An investigation was therefore made at the NACA
Lewls lsboratory Lo determine the altitude performance of the
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J33=A-~23 turbojet englne and to demonstrate the magnitude of departure
of actual altlitude performance from thet pred.icted. from sea-level per-
formance.

The inveatigation was conducted In two parts; the flrat phase con-
sisted of a conventlonal engine performance investigation wlth englne
speed as the primery variable and with flight Mach number and altitude
held constant at each of several values. In thils phase, altltude was
varied from sea level to 50,000 feet and the flight Mach number was
varied from 0,27 to 1.25., In the second phase of the investigabtion,
pressuye alblitude was the primary varieble with flight Mach number and
englne spoed held constant at each of several values. In this phase of
the Investlgation, pressure asltitude was varled from 10,000 to
65,000 feet while flight Mach number was held constant a‘o 0.37, 0.82,
and. 0.91 at each of two constant englrie speed.s 90 and 100 percent of
rated spesed. Engine-_inlet-air temperature was =also held constant so
that each englne speed resulted Iin .a constant compressor Mach number.

APPARATUS AND PROCEDURE

Engine

Two J33-A-23 turbojet englnes were used In thls investigation. The
engines have & centrifuwgal-flow-type campressor, 14 through-flow tubular
combustors, and & gingle-stage impulse turbine. The engine had a sea-
level thrust rebting of 4600 pounds at a turbilne-outlet temperaturs of

1265° F at rated speed (11,750 rpm). At this conditlion, the engine fuel ,

flow was approximately 4830 pounds per hour. The engine welght less
etarter, generetor, and tachome‘ber genera.t.or was 1795 pounds end the

meximum dismeter was 50-]—' Inches. A J33=A-23 engine—bearing serial

number A-071878 was used in phase I -of the inveatigation. This engine
was destroyed by fire of unknown origin neaxr the end of the first phase
of the investligation. An englne bearing sexrial nmn‘ber A-0744860 was

uged for phese II of the investigation.

Altitude Chember

The altitude chamber in which the engine was inatalled is schemati-
cally shown in figure 1. The chamber was 10 feet in dlasmeter and 60 feet
long. Air could be supplied to the chamber at temperatures between 90°
and -40° F and preSsurés could be varled to simulate altitudes from sea
level to about 65,000 feet. The engine was mounted on e thrust frame
that was connected through linkage to a thrust-measuring cell. The
thrust cell was a null-type pressure~balanced dlaphragm. The thrust
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apparatus, was calibrated by the dead-welight method with the engine a.nd
all fuel and Instrumentatlon connectlions in place.

The inlet or ram-pressure sectlon of the chamber was separated from
the sxhaust or altitude-pressure sectlion of the chamber by & bulkhead.
The seal between the tall pipe and the bulkhead consisted of three
asbestos board rings. These rings were installed so as to avoid inter-
ference with axlal movement rsqulired by engline expansion and thrust
measurement and to allow approximately 1 1nch lateral movement to pre~
vent binding.

Instrimentetion

Engine instrumentation locations, before and after each of the prin-
cipal components of the engine, are shown 1n figure 2. The deballs of
the instrumentation for statlions 1 to 7 are shown in figure 3. Englne-
inlet tempersture was measured by eight ilron-constantan thermocouples at
the cowl inlet (fig. 3(a)). ZEngine-inlet pressure was measured by five
total-pressure tubes on both the front and rear compressor-inlet scrsens
(fig. 3(b)). Details of the compressor-outlet rakes, burner-outlet
probes (used to detect blow-out), diffuser thermocouples supplied with
the engline and used for engine-temperature indicatlon, and tall-plpe
probes and rskes used to obtaln pressures and temperatures for computing
engine alr flow are shown in figures 3(c) to 3(h). The simulated albti-
tude pressure was measured by two probes located near the Jet-nozzle out-~
let in the exhaunst portion of the chamber. In the firgt phase of the
Investigation, fuel flow was measured by a remote-reading, varisble-area
orifice mster, and engine spesd was measured by an electrical freguency-
Impulse counter. In ordeéer to Improve accuracy of data and ease of oper-

.ation in the second phase of the investigation, the remote-reading fuel-~

flow meter was replaced with calibrated rotameters; altitude-chamber
Pressure gages were replaced with callbrated absolute manomsters, whose
greater scale length allowed more accurabe pressure readings; and an
electrically operated strobotac was installed to assist in maintaining
constant englne-speed settings.

Procedure

The Investigation was conducted in two phases: (1) a conventional
engine performence investigation; and (2) an evaluation of the effects
of inlet-alr density on engine performance. In the flrst phase of the
investigatlon, a desired £light condlition was malntained whlle the engine
speed was varled . Simulated-flight conditions were varied over a range of
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altitudes from sea level to 50, OOO feet at a Mach numwber of 0,67 and at

an altitude of 30,000 feet the simulated £1light Mach number wes varied -
from 0.27 %o 1. 25. The compressor-lnlet pressure and temperature set-

tings were held at NACA standard altitude pressures and temperatures

rTam pressure recovery. The flight Mach number is based on ratio of inlet

to exhaust pressure. In the second phase of the investigation, the
compressor-inlet temperaturs, engine speed, and flight Mach number were
malntained while the altitude was varied. The pressure altitude was

varied from 10,000 to 65,000 feet, correspondlng to an exhaust pressure

of ebout 1480 to 119 pounds per square foobt. The inlet temperature was

held constant at 520° R. Two engine speeds, 90 and 100 percent of ,rated,

were investlgated for each of three flight Mach numbers, 0.37, 0.62, and -
0.91. The symbols used in this report and the methods used in computing
engine performance variables are presented in the appendix.
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RESULTS AND DISCUSSION

A summery of the performance and operatlonal data obtalned during .
the first phase of the Investigation at various gimulated—altitude con- -
ditions is presented in table I. Altitude data corrected for small T
variations in compressor-inlet pressure, inlet temperature, and exhaust- ' -
pressure settings are sumarized in table II. Table II also includes
the data corrected to conditions of NACA sbandard sea-lével static pres-
gure and temperabture at the ccmpressor lnlet.

Simulated-Flight Perfarmance

Effect of altltuwde. - Altltuwde performance data from table II
obtalned at a flight Mach number of 0.67 and simulated glbtitudes from sea
level to 50,000 feet are presented in figures 4 to 9 to show the effect
of altitude on the engine performence. Jet thrust, net thrust, air flow, ~ =~
and fuel flow (figs. 4, 5, 6, and 7, respectively) rapidly decreased with
increasing altltude as would be expected becange of the accompanying
decrease in englne inlet-air density. The net~thrust specific fuel con-
sumption (fig. 8) decreased with increasing altitude until 30,000 féet
wes reached and then increased. with further lncrease in altitude These
trends result fram the combined effects of (1) an increase in cycle _
efficiency with decrsasing inlet tempsratures, and (2) a reduction in e
camponent efficiency at high altitude. The tail~pipe indicated tempera~ '
ture (fig. 9) decreasmed with increasing altitude at the low engine speeds
as a dlrect effect of reduced inlet-alr temperature on operating tempera-
tures and on the effective compressor Mach number. At the higher englne =~ =~ *™
speseds, there was a slight rise in tall-pipe temperature with increesing
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altitude, which is attributed to a reduction in component efficiencies at
high altitudes. Similar tall-plpe-temperature trends are shown and
explained 1n reference 1.

Effect of flight Mach number. - Performance data, obtained at an
altlitudes of 30 000 feet for flight Mach rnumbers from 0.27 to 1.25, are
presented in figures 10 to 15 to show the effects of flight Mach number
on the englne performence parameters. dJet thrust, alr flow, and fuel
flow (figs. 10, 12, and 13, respectively) generally increaded as would
be expected with the inoreasing inlet-alr density resulting from the
incresased flight.Mach number. The net thrust (fig. 11) increased with
increasing flight Mach number at high engine speeds, but decreased abt low
engine speeds. The net~thrust specific fuel consumption (fig. 14) gener-
ally increesed with Increasing flight Mach number. The tall-pipe indi-
cated temperatures (fig. 15) decreased wilth increasing flight Mach number;
this trend was moat pronounced at the low engine speeds.

Generalized Pesrformance

Performance data were corrected to standard sea~level stabic condi~
tions in the conventional manner (rsference 5). The developmsnt of this
method for generalizing bturbine-engine performence parsmeters assumes
flow similarity throughout the engline for any particular compressor-tip

- Mach number. In this development, the flow characterlstics were assumed

to be insenaitive to Reynolds number effects and the efficiencies of the
engine components were assumed to be unaffected by changes in altitude
and flight Mach munber.

Effect of altitude. - The coriected engine performance data (from
table IT) obtalned at a Flight Mach number of 0.67 and simulated altitudes
from sea level to 50,000 feet are presented in figures 16 to 22 to show
the effect of altitude on the corrected englne performance varlables.

The corrected values of Jet thrust (fig. 16) generalilzed to an altitude
of 30,000 feet. There was a decrease in corrected Jet thrust abt 40,000-
and 50,000-foot altitudes. The apparent equality of the corrected Jetb
thrust at 40,000- and 50,000-foot altitudes probably results from an
Insensitivity of the thrust mechanism to the small.thrust measurements at
50,000 feet. Corrected net thrust (flg. 17) and corrected air Tlow

(fig. 18) also generalized to 30,000 feet and showed reductions at alti-
tudes above 30,000 feet. These reductions 1n corrected air flow are
attributed to the intermsl losses assoclabed with the lower Reynolds num-
ber existing in the engine flow passages at high altitude. The reduction
in corrected alr flow with increasing altitude causes the corrscted Jet
and net thrust to decrease in & simlilar menner. The corrected fusl flow
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(fig. 18) end the corrected net-thrust specific fuel comsumption (fig. 20)
generally increased with increasing altitude except at the high engine ’ -
spesds whore generalization was obtalned to 30,000 feet and thereafter an

increase with altitude occurred for altitudes above 30,000 feet. These

trends In corrected fuel consumption and corrected specific fusl consump-

tion are the result of lower combustion efficlencies (fig. 21) associ- N
ated with the lower combustor pressure exlsting at the low engine speeds =
end hlgh altitudes. - At low corrected engine speeds, there 1s a rapid - S
decrease in combustion efficiency with incréasing altitude, but at high -
engine speeds where the compressor pressurse ratio is high there is no '
apparent loss in combustion efficiency until altitudes greater than
30,000 fest are reached. The corrected tall-pipe Indlicated temperature
(fig. 22) generalized to 40,000 feet but increassed at highqr altitudes.

Effect of flight Mach number. - In general, at a particular corrected
englne spesd, the Increased Inlet pressure with 1ncreasing Mach mumber
raises the total expension ratio of the engine (fram turbine inlet to
exhaugt-nozzle throat) until critical flow 1s esteblished in the Jet noz-
zle. After critical flow 1s established, the expansion pressure ratio
of the englne remains constant with increasing flight Mach number. With -
critical flow in the jet nozzle, generalization of flow characterlstics
throughout the engine should be’ possible unless engine-inlet pressures
are low enough to adversely affect englne-component efficiencles, as dis-. 7
cussed In comnection with altitude effects. When the Jet nozzle is '
choked, corrected pressures, temperatures, and alr flow would therefore
be expected to generalize for compressor—inlet alr densitlies greater than
that corresponding to a 30,000-foot altitude and a flight Mach number of
0.67. BSatlsfactory generalization of the corrected pressure, temperabture,
and air flow would not necessarily result in a constant value of combus-
tion efficiency because combustion efficlency is dependent on the .actual
pressure, temperature, and alr flow. The corrected fuel flow and corrected
specific fuel consumption would obviocusly vary with the combustion effi-
ciency. Corrected Jet thrust would also be expected to vary with flight
Mach number because 1t 18 sensitive, under critical flow conditiona In
the jet nozzle, not only to the internal flow conditioms but 1t is also
a function of the excess pressure over ambient pressure existing at the
nozzle oublet. However, when the product of this excess pressure and
the Jet area is properly introduced into the Jet-thrust term, as des~
described in reference 1, a generalizatlion of the corrected engine

Fg”Per

thrust in terms of a thrust parsmeter ) would be expected.

The corrected engine performance data (table IT) obtained &t a
gsimilated altitude of 30,000 feet and £llght Mach pumbers from 0.27 to _
1.25 are compared to show the effect of flight Mach number on the ' .



1

2113

FACA RM ES1BOT willEng 7

corrected valuss of engine performsnce parsmebers (figs. 23 to 27). The |
corrected Jebt-thrust parameter presented in figure 23 generglized over
the range of engine speeds for which the Jet nozzle was choked. The cor-
rected air flow (fig. 24) generalized for Mach numbers from 0.87 to 1.25
for the entlre rangs of englne speeds Investigated, but decrsased
slightly at the lower Mach numbers. The corrected fuel flow (flg. 25)
incredsed as flight Mach number decrsased ab the low engine speeds bub
generalized at the higher engine speeds. This generalization indicates
that at hlgh englne speseds the combustor pressure and btemperature were
sufficlently high and that combugtlion efficiency was unaffected. The
nsarly constant value of combustion efficiency &t high engine speed is
1llvatrated by the data of figure 26. At the lower englne speeds, there
is an indication of Increasing combustion efficlency with increasing
flight Mach number bubt because of data scatter, curves could not be drawn
Tor each flight Mach number. The corrected tall-pipe indicabed tempera-
ture (flg. 27) showed a slightly greater semsitivity to flight Mach num-
ber then elither the corrected Jet-thrust parameter or the corrected fuel
flow as iIndicated by the separablon of the flight Mach number curves from
the generallzed curve at higher corrected engine speeds. The effect of
flight Mach number on the generalizatlon of engine performance datas may
be summarized as follows: Over the range of inlet pressures investigated
(628 to 1569 lb/éq It corresponding to flight Mach numbsrs of 0.27 to
1.25 at 30,000-ft altitude), the corrected Jet-thrust parameter general-
ized for corrscted englne speeds for which the Jet nozzle was choked.

The corvected fuel flow and corrected indicated tall-pipe temperature
generallzed for corrected engine speeds slightly above that for which

the Jet nozzle was choked., The corrected air flow was sensitive to inlet-~
alr density at 30,000 feet for Mach numbers below 0.67. At higher albti-
tudes where 1t was shown that englne components become more sensitive to
changes in sngine iInlet-air density,the corrected performance parameters
would be expected to show a greater sensibivity to varying flight Mach
number than was evident at the 30,000-foot-altitude conditions.

SECONDARY AITITUDE EFFECTS

The high-altitude corredéted performance data (figs. 18 to 22) have
shown the actusl corrected sngine performance to be poorer than the cor-
rected performance predicted from ssa~level deta. Also, the data for
varying flight Mach number (figs. 23 to 27) showed that the corrected
performance paremeters dld not generalize over the complete operating
range. This lack of gensralization was evident to some extent even when
the jet nozzle was choked. These deparbtures are attributed to two funda-
mental effects. The firat 1s the well-known fact that combustion effi-
clency decrsases wlth decreasling pressure end temperature. Although
variations in the combustion efficiency may thus explain the changes in
performance parameters involving fuel flow, 1t does not account for



8 R NACA RM ES1BO7?

varistions In corrected thrust, alr flow, and exhaust-gas temperatures.
Because these performence variatlons indicate internal losses and ars
aggocisgted with high-altitude operation, they may be attributed to an
effect of Reynolds number as dlscussed in references 1 to 5., The second
fundemental factor then 1s the effect of low Reynolds number on energy
losses induced by increasing boundary-layer duilld up and some flow sepa-
ration from the walls of the flow channels within the engine. These
energy losges are then reflected in decreased component efficlencies.

The flow characterlistice that are dependent. on' the Réyﬁold.s number
for a given flow system have been expressed &3 & Reynolds number index.
(See reference 6.)

Re lndex = —oe= (1)
ua T
When this expression is put in terms of pressure, temperature, and vis-

cosity ratios, the Reynolds number index may be expressed, as In refer-
ence 7, by

5
Re index = —=2— (2)
ol

The varistion of Reynolds number index with altitude and flight Mach num-
ber is tabulabted in table III.

The Reynolds number index may, for all practlcal purposes, be
expresged ag -
Re index X ——g—— (3)

because the viscosity of gases over a reasonsble temperature range is
nearly proportional to the sguare root of the absolute temperature,
From this expression, 1t can be seen that to obtain the lowest possible
Reynolds number the englne~inlet pressure should be low and the inlet
temperature high. The second Thase of the investigation wes therefore
conducted with the inlet-air temperature held constant at 520° R while
the inlet pressure was reduced progressively until the 1limit of the test
facilitles was veached. These data, obtalned on engine serial number
A-074460 for 90 and 100 percent of rated englne speed and for constant
flight Mach numbers of 0.37, 0.62, and 0,91, are tabulated in taeble IV
and plotted in figures 28 to 32. ‘.’Ehe dashed, curves on ‘these figures
represent values obtained from faired curves through date obtained in
the first thase of the investigation on engine seria.l number A-071878,

eTT2
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These data are plotted as the ratlo of the corrected altitude performence
to the corrected performance predicted from static sea-level performance
of the engline. The magnitude of this ratio thus indicates the departurs
of the altitude performance from the predicted performance for various
values of Reynclds number index. All the data for a given engine, and
for a given engline speed over a ranges of flight Mach numbers correlate
to a single curve. S

The air flow (fig. 28) and Jebt~thrust parameter (fig. 29) fall below
the predicted values at low values of Reynolds number index., The air
flow For the engine used in the first phase of the investigation has the
same trend as the second engine but the effects of low Reynolds number
are greater on the performance of the firgt engine. The fuel flow
(fig. 30) increases above the predicted values as the Reynolds number
Index was reduced and again the trend 1s the same for bhoth engines with .
the first englne belng affected more at the low values of Reynolds number
index. Thils increase in fuel flow at low Reynolds numbers resulted fraom
the decreasd combustion efficiency that accompanied the decreasing engine-
inlet pressure. When the fuel flow was corrected to a unity combustion
efficiency (burned fuel) to isolate the Reynolds number effects, the
burned. fuel flow (fig. 31) was less than that predicted from static sea-
level calibration. Again the effect of Reynolds number was grester on
the first englne. ‘The dsecrease 1n burned fuel flow was not as great,
however, as the decrease in alr flow (fig. 28). The ratlio of burned fuel
to air flow therefore increesed as regquired to obtain the Iincreased tail-
ripe temperatures of flgure 32. The osffect of the low Reynolds number
was similar for both engines but, in general, was somevwhab greater on ‘the
Pirst engine. .

The correlation of the data of figures 28 to 32 with Reynolds number
index show thesse parameters to be Independent of flight Mach number and
that departures from predicted performsnce are significant only below a
Reynolds number index of 0.5 ab the two englne speeds investigated. AL
the lower englne speed (corrected englne speed S0 percent of rated), the
devartures of the actual performance from the predlicted performance were
gonerally greaber Than that for reted engine .speed. The departure of
actual engine performance at high altitude from that predicted by low-
altitude performance may be accounted for by Reynolds number and
combustlon~-efficlency effects. -

Combustlion efficiency was separated from the fuel-consumption data
of figure 30 to isolate the Reynolds number effect in figure 31. Ko
sttempt hag yot been made to correlate this combustion-efficlency data.

A correlation of the combustion efficlency with flight conditions is
required, however, if reasonably sccurate predictions of £light fuel con-
sumptlon are to be made possibls.
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Combustion efficlency has been correlabed with the parameter :
'bb/V'b as discussed in reference 8. An attempt to derive this param- -

eter in terms of englne-inlet pressure and temperature and of englne
speed by use of the conservaetion-of-energy and combtinulty equations led
to a somewhat complex expression. A more ugeful parasmeter can be obtalnsed -
by a canbinabtion of engine operating condltions as follows: _ o

Because total and statlc pressures at & glven station yary in the same
menner, the equatlon may be wriltten s

- . T er———

Ppty P2
N2 =2
vb wa

Because total and static pressures at a gilven station vary in the
same manner, this expresaion may be written as

D P
- b ~ K b . - _
Wq We
Then - _ . 2 - . | e

For both engimes used in this igvest_igat:yo_z},__’_c}_l_e product of

— e

P
(—-—%I—_—)(lgp—) was found empirically to be approximately proportional
W 2
to the corrected engine speed to the second power.

Therefore

R

pbt‘b U ‘V—( )

' 2 Ppty .
The correlation of SN & T\r’e" w%th - ig shown Iin figure 33.

The.correlation of n;, and 5N6 (ﬁ%‘ is shown in flgure 34. The

engine fuel-air ratio is known to affect combustion efficiency in some
combustors (refererce 8). This fuel-alr-ratio effect 1s unaccounted for
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in this parameter and the few points for which the fuel-alr ratio was
below 0.007 did not correlate and therefore are not plotted on the figure.

It is to be noted that the performance of both engines of the same
model type are not in agreement. This difference in measured performance
is attributable to several factors: difference in accumulated running
time on each engine, tolerances in menufacturing specifications for the
fuel nozzles and other parts, possible trends of different fuel-flow
measuring instruments on each engine at low fuel flows, and the lmproved
technique in the running of the second phase of the investigation. It
is believed that the main contributing factors are the longer accumulated
running time on the first engine (about 3Q percent) and possibly poorer
spray quality from the fuel nozzles, which would explain the poorsr com-
bustion_efficiency depicted in figure 33.

In order to illustrate the magnitude of departures of actual from
predicted performance, consider a flight conmdltion of 60,000-foot alti-
tude at a Mach number of 0.62 and an actual engine speed of 10,600 rmm
(90 percent of rated speed), which is a corrected engine speed of
11,750 rme. The engine speed ratio l1s l 0Q and, by interpolation from

table ITI, the Reynolds number index «F‘ is 0.12 and the englne

operating parasmeter 846 4f— is 1. 15><'lO7 With these values the

actual oorrected performance as compared with the predicted corrected
performance of the second engine were taken from figures 28 to 32 to be
as follows:; alr-flow loss, 5 percent; Jet-thrust parameter loss, 4 per- .
cent; fuel-flow Increase, 7 percent; burned fuel-flow decrease, 4 percent;
and tail-pipe-indicated-temperature increase, 1.5 percent. The englne
combustion efficiency decreased 15 percent as geen in figure 33 for the
second engine. Computed from these values the Jet-thrust loss was

8.5 percent, the net-thrust loss was 7 percent, and the increase in
specific fuel consumption was 15.5 percent. These trends would be
greater for the flrst engine or at a lower Reynolds number for either
englne. .

SUMMARY OF RESULTS

The performance of a centrifugal-flow-compressor-type turbojet
englne was iInvestigated over a range of simulated-flight conditions from
sea level to 85,000 feet and flight Mach numbers from 0.27 to 1.25. The
results of this investigation may be summarized as follows:

1. Engine performance data could be generalized by conventional
methods for altitudes up to 30,000 feet at a flight Mach number of 0.67.
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At an altitude of 30,000 feet, performance data could also be general-
ized for varylng flight Mach number over the range of englne speeds at
which critical flow existed in the Jet nozzle. At higher altlitude con-
ditions, the engine performance was correlated by plotting performance
parsmeters againet a Reynolds number index based on engine inlet-air
pressure, temperature, and viacosity. For the corrected englne speeds
investigated (90 and 100 percent of rated speed), this correlation
included the effect of flight Mach number.

é. An empirical correlatlion parameter, based on englne-inlet pres-
sure and temperature and on engine speed, correlated combustion effi-
clency for all data obtained except at fuel-air ratios below 0.007.

3. At an altitude of 60,000 feet, a Mach number of 0.62, and an
actual englne speed of 10,600 rpm (90 percent of rated), the engine per-
formance as compared to the predicted performance was found to be as
follows: alr-flow loss, 5 percent; Jet-thrust loss, 6.5 percent; tall-
pipe-indicated-temperature increase, 1.5 percent; net-thrust loss, 7 per-
cent; specific-fuel-consumption increase, 15.5 percent; and erngine-com-
bustion-efficlency decrease, 15 percent. At the lower englne speed
inveastigated, the departure of engine performance from predicted per-
formance was generally greater than for the hlgher speed and the first
engine uged In the Investigation indicated a greater Reynolds number
effect on performance than the second engine.

Lewis Flight Propulsion Laboratory,
National Advisory Commlttes for Aeronautiocs,
Cleveland, Chio.
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APFENDIX
SYMBOLS AND METHODS OF CALCULATIONS

Symbols

ares, sq £t

thrust, 1b

acce€leration due to gravity, 32.2 ft/sec2

enthalpy, Btu/lb

mechanical equivalent of heat, 778 £4-1b/Btu

proportionality constants

- Mach number

engine speed, rpm

absolute total pressure, lb/sg £t
absolute static pressure, lb/sq £t
gas constent, 53.3 £t-1b/(1b)(°R)

Reynolds number

total temperature, °R

static temperature, °R

velocity, ft/sec

burner reference velocity, ft/sec

alr flow, 1b/sec

fuel flow, 1b/hr

gas flow, 1b/éec

thermocouple impact recovery factor

ratioc of specific heats
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s} ratlo of compressor-~inlet absolute total pressure to absolute
statlc preassure of NACA standard atmpgpherq.at sea levgl .
o combustion efficlency at
e ratio of compressor-inlet.absolute total temperature to absolute g
gtatic temperature of NACA stendard dtmosphere at sea level
W absclute viscoslty of alr at compressor inlet (values obtained
from reference 10), T2 /sec _
O ratio of absolute viscosity of ailr at compressor inlet to
viscosity of NACA stendard atmosphere at sea level
Subscripts: : - i .
alt | altitude ;
b burner inlet _ - o
1 indicated - _ o _ _ o . _ _;tj
3 e S o |
n net | T
SL seg level _ . _ _
8 geal ) o

Station notation (fig. 2):

0 free stream

1 cowl inlet

2 compressor inlet

3 compressor outlet )
4 turbine inlet

S "diffuser outlet

8 tail pipe (upstream of - jet nozzle) _ ”
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7 Jjet~nozzle inlet

8 Jet-nozzle outlet (throat)

Methods of Calculations

Air flow. - Engine air flow was calculated by subtracting the fuel
flow from the computed gas flow through the engine., The gas flow weas
computed from msasurements of temperature 1in the tall plipe abt station 6
and total and static pressure at the Jet-nozzle Inlet at statlion 7:

whers
P, A,
7
Wg = ﬁ;"’VZ&TAH?

and. AE7 1s the enthalpy dlfference bebtween total- and static-pressure
conditions, as determined from reference 9.

The static temperature was calculated from the Indicated temperature
by the following relstion:
V-2
t, =T - B { ———
7 6,1 7
28R 5T

Te, 4

)
7

where the temperature ratlio was determined from the Jet-nozzle-inlet
total to static pressure ratlioc by means of reference 9. The gas veloclty .
at station 6 was assumed to be equal to the veloclty at station 7. The
thermocouple impact recovery factor B was evaluated at 0.80 from ther-
mocouple callbrations.

Simulated flight speed. - The simulated flight speed at which ths
engine was operated was determined from the following relation:
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r=1

7 P2 7 '
VO = 2gR 7T ‘bo -I-;O— -1

e1te

where Y was. assumed to be 1.40.

Flight Mach number. -~ The flight Mach number wes calculated from the
compressor-inlet total to ambient statilc pressurs ratio, assuming
100-percent ram recovery, by the “following relation-

2-L

Po\7
RV ER A
0 -1 Po

where 7y waa assumed to be 1.40.

Jet thrust. - The jJet thrust was determined from the altitude-chamber ;
thrust indicator by multiplying the diephragm pressure by & constant and - '
adding a correction factor to account £or the pressure differantial agross -
the tall-pipe sesal. The relation uwsed was- o : L e

F,j = Fi + AS(PZ - po)

Net thrust. --Net thrust was calculated from Jeot thrust by sub-
tracting the engine Inlet-air mgmentum, according to the relation o

CHCETENNE SR

. | -
a'Q . .
Fa=Fy -

Burner reference veloclty. - The burner reference velocity used in
the combustion-efficiency correlation parameter is

Wy R

Vo, =
b A.bpb

where Ay -1s the maximum cross-sectional area of the burner flow

PasSsSagos .
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TABLE I - PERPORMANCE AND OPERATIONAL DATA
Point|Alti~ |Flight Engine Jet Alr Fuel Compressor~|Compressor-|Tail-pipe|Compressor-
tude ¥ach speed thrust flow flow inlst total ocutlet indiceted|inlet total
() number N Fj We We temperaturs! indicated |gas tem- |pressure, Fg
’ Mo (rpm) {15) | (1v/see) | (1b/hr) (33 ) temperature| perature |(is, g abs)
3 €,4
(R} (R}
1 o] 0.63 4028 381 38.81 750 6585 566 871 38.83
2 JE% 625 955 39.11
3 €3 644 100 34.83
4 .64 €54 1085 39.11
5 €3 688 1062 3g.11
& 63 725 1140 38.11
7 £4 722 1121 -
8 .63 789 . 12%;1 28,21
¥ | 10,000 0.84 612 ELE] . 2€.78
10 .64 892 - 1075 28.€5
1L €4 782 1278 26.80
12 .64 816 1379 2€.80
13 64 8b€ 1506 2€.80
14 . L4 2 1€38 R€.8k
~ 15 20,000 0.€5 873 . 888 17.80
1€ .85 €40 992 17.80
17 .85 752 1262 17.80
18 6B 775 1374 17.88
19 +€6 ale 1494 17.80
20 1] 5? 17.79
- 2L 306,000 ©. ¥ 1114 8.92
22 .28 827 | 1150 8.97
23 .26 €83 1276 8.97
24 .28 714 - 1580 g.02
25 .28 747 1612 . g.92
26 .28 189 1664 g.02
27 .47 524 1009 9.82 .
28 .44 584 1054 9.87
28 .47 . &89 1238 9.82
30 .48 e 134¢€ @.87
3l 48 754 1482 2.92
a2 48 “7d8 1685° 2.88
33 €8 €30 970 11.€0
34 «87 612 8560 11.70
35 €8 €59 1041 11.70
36 .ES 713 1217 11.65
a7 LE8 756 1348 11.60
38 EF 748 1348 11.55
39 67 778 1270 11.50
40 €6 816 1€39 11.€0
41 .€9 ‘g81e 1635 11.65
42 W71 a2¢ LESS 1l.80
43, .83 €86 8EQ 13.30
44 85 B389 216 15.32
45 .54 €28 905 13.3%
46 .84 807 1209 13.40
47 83 787 1245 15.30
48 <83 78l 1308 13.35
49 .84 762 165€ 13.37
50 .83 B4l 15€2 13.40
&l .83 853 1€85 13.38
&2 .96 €44 8¢9 15.17
53 .95 €98 1011 15.07
54 .95 756 1208 15.17
55 .85 7€8 . 1348 18.17
5€ .08 800 la87 16.27
57 98 853 le27 16.27
58 1.09 €25 788 17.88
59 '1.08 E73 838 17.81
60 1.09 711 99€ 17.71
6l 1.09 763 1210 17.71
62 1.09 759 1340 17.80
83 l1.08° 7988 1333 17.71
84 1.08 a2¢e 14€4 1T.81
€5 1.09 825 1€35 17.90
€6 i.09 8E3 l€ls 17.7€
&7 1.25 71€ a1l £22.12
gg i -gg g;g 1208 29.23
. 13286 22.16
70 | 40,000 0.68 €38 1043 7,57
71 .€8 €81 1214 a.38
72 .£8 723 1334 7.39
73 87 75€ 1479 7.59
c L4 68 _.__.78e Jleqd 7.34
76 [56,000| 0.67 €43 1077 4.59
76 -€8 €91 1234 4.€4
77 .87 724 1360 4.59
78 €7 762 1503 4.59
79 €7 804 1691 4.59
TR :

e
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Compressor- |Combustor- Tail-pipe Exhaust Fuel-pump~ Fuel . Oil-pump- | O1l-pump | Pcint
outlst pres- outlet . total static discharge |manifcld discharge , tempera-
sure, Pg total pressure, Pqg pressure pressure | pressure pressure ture
(in. Hg aba) |Pressure,Pei(in. gy abs.) Pg (1b/sq (1b/aq (1v/39 (°F)
(in. Hg aba.) (in. Eg aba) in. gege) |in. gage)| in. gage)
42.69 40.15 31.8€ 29.83 140 &0 & 120 1
48.6€ 45.04 29.81 200 74 7 11 2
55.983 51.85 29.83 160 75 10 120 3 -
55.83 b61.€9 29.81 200 85 9 119 4
€£.28 gl.21 29.91 200 68 i2 120 ]
79.156 72.97 29.91 240 122 15 123 €
78.49 73.48 29.63 190 100 15 130 7
_87.3€ 29,31 280 18 129 8
39.78 3€.74 20.35 145 €0 , 8 110 9
57.55 53.44 20.30 175 80 i 10 100 10
87.98 81.35 . 205 120 20 100 11
99.03 92.23 20.30 250 156 22 1lo 12
108.80 101.68 20.30 300 200 22 115 13
121.10 %.70 20.30 340 264 22 125 14
27.30 24 12.40 140 Bo & 80 15
41.63 38.49 13.40 150 €5 11 &80 1€ -~
el.30 §7.21 13.40 180 ea 18 70 17
70.5€ 65.89 135.40 200 110 19 70 18
77.99 73.28 13.40 220 135 21 80 19
88.07 80.08 13.40 2€Q 165 ? 100
BY.0% 2L, 8.45 150 T 54 [ 50 21
29.47 27.41 8.58 150 57 20 55 22
3€.52 34.12 8.56 1e0 €E 22 €0 23
40.55 38.02 8.55 1eG 73 25 70 24
44.20 41 .4€ 8.45 175 80 25 80 25
48.43 45.54 8.55 1g0 85 27 100 26
1€.€0 15.52 8.485 140 50 8 55 27
25.40 25.57 8.55 145 54 18 §0 28
38.94 36.41 8.45 160 67 22 60 29
43.85 41 .04 8.56 190 75 22 50 30
47.84 44.96 8.80 180 a8 24 50 31
52.30 49.25 8.45 180 100 25 70 32
2€.73 24.64 8.50 140 53 [] 8€ 33
28.35 26.07 8.65 800 58 10 75 34
3€.28 33.28 8.60 &00 60 20 70 35
44.35 41.11 8.45 180 72 20 70 3€
47.45 44.22 8.40 1€5 79 15 98 37
49.565 46.13 8.66 180 a3 22 75 38
54.31 50.82 .35 200 85 24 80 39
59.€2 i 56.83 8.5 208 1186 25 a5 40
€2.32 5€.10 8.50 -— — - - 41
58.€€ 55.18 8.45 200 112 20 100 42
23.83 21.12 8.50 130 45 5 145 43
27,863 256.52 8.47 140 50 7 110 44
30.59 28,14 8.47 1€0 55 9 70 45
38,04 34.99 8.40 1860 [=10] 10 14C 46
43,04 39.70 8.80 1€0 €S 10 135 <7
48.34 44 .87 8.60 170 78 18 120 4B
54,18 50.62 8.47 180 84 18 g0 49
59.3€ 55.65 8.50 200 108 20 120 50
€5,77 61.98 8.47 225 125 25 90 51
32.82 50.26 8.47 140 54 7 81 52
41.87 38.57 8.47 160 €4 12 g4 55
52.30 £8.33 8.37 165 79 15 8€ 54
£0.57 56.56 B8.47 180 92 17 80 &5
£9.38 65.06 8.47 210 120 20 g0 56
72.67 €8.24 8.47 215 136 22 98 57
38.93 35.74 8.43 143 B8 11 -1 58
35.7€ 32.90 8.50 150 5€ 9 g0 -]
47.5€ 43.83 8.40 160 &8 12 as €0
60.62 58,34 8.40 180 =1:] 15 80 61
72.17 €7.24 8.46 200 113 20 84 €z
€7.22 €2.57 8.50 200 1038 . 1e 100 63
76.4€ 70.70 8.60 210 125 20 110 €4
87.95 82.€€ 8.50 260 175 25 86 [:1]
81.97 77.04 8.40 2850 186 25 115 66
41.22 37.51 8.52 150 55 10 130 €7
€8.07 €2.69 8.43 188 86 15 135 €8
76,72 71-Q4 8.43 200 319 18 140 £9
25.40 £1.63 5.42 850 50 14 585 70
29.63 27.37 5.42 270 58 15 60 71
32.62 30.33 S.44 150 €e 16 70 72
35.74 . 33.37 5.49 1e0 €9 17 80 73
38.1§ P 3E.€E3 5.39 _ 180 78 19 85 74
13.€8 12.69 3.39 825 38 5
17.0% 15.69 5.39 825 4€ 9 ZS 32
19.18 17.77 5.59 825 50 18 80 77
21.08 16.67 3.39 826 53 11 85 78
23.2€ 21.69 3.39 880 57 10 105 79
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TABLE Il - PERFORMANCE DATA ADJUSTED TO STANDARD ALTITUDE AND
(Adjusted for variations in
Point | Altitude | Flight Engine ageed Jat thrust Ket thrust
(rt) Mach (rpm (1b) {1b}
nur;ger Altitude | Corrected Altitude| Corrected | Parameter Altitude | Corrected
¥ N/ Fy /0 Fi+Potg n F./8
8
1 s} 0.67 40€1 3891 424 314 3463 =501 -371
2 «87 4989 4780 £52 483 3603 ~416’ -308
3 67 5999 5747 944 699 38€8 -225 -167
4 87 65980 5729 . 932 €80. . 3816 -282 -208
B 87 7011 6717 1339 992 4121 ~-38" -28
-] 8T 7985 7650 184l 1393 4512 539 261
7 «67 8029 7€92 192Q 1422 4580 308 288 B
8 .67 8981 8576 2673 1980 5%4% 930 [=2: 1 I
9 10,000 0.67 5,976 B, EGS TTAE 3 ~-164 -16€
10 «67 8,016 T+ 957 1443 1554 4823 297 3820 -
11 +87 10,045 ©,972 29864 3192 €280 1462 1564
12 +87 10,8656 10,678 3828 3908 895 1986 2160
13 «87 11,176 11 ,0?5 4287 4€L7 - 08 gggz /748
14 +87 11,789 11,713 5118 S5 86% ) _jsﬁ%
15 30, 000 0.87 5,981 €,170 4 Eﬁ 387 -8l - -
1€ «87 8,005 . 8,35) 1073 1730 . 4806 260 419
7 87 9,937 10,251 2144 3458 £54€ 1111 1790
18 <67 10,€08 10,943 2712 £372 7460 1599 as577
R} .87 11,154 11,506 3198 5165 B243 2009 3238
20 «67 11,703 A2, 072 3711 58082 906 2454 3986
21 30, J00 Ce27 Ty el7 1679 B 453 14
22 «27 9,004 10,03€ ale 2628 6,588 €19 1986
23 27 10,024 11,172 1181 3823 7,793 957 3072
24 27 10,583 11,796 1490 . 47683 .._ 8,731 1241 5984
25 27 11,12€ 12,400 1727 5542 9,490 14€€ 4706
26 «27 11,673 15,011 1986 8378 10,323 1715 5605
27 «45 6,056 2,640 508 802 _ 4,486 08 201
28 o45 7,963 8,760 574 1682 6,332 261 7€5
29 «45 10,020 13,023 1295 3793 7,591 868 2544
30 45 10,688 11,848 1584 1641 8,260 1126 3300
31 «48 11,164 12,282 1B8€ 5525 9,004 1409 4128
32 +45 11,94 12,8€6 2224 ESLY 10,080 17256 © B0OBS
33 <87 7,753 8,337 64€ 1€13 4864 138 345
34 «8%7 7,954 8,532 769 1919 4997 224 680
35 87 g,044 |- 8,728 1127 T 2812 5876 484 1209
3€ «87 10,038 10,7986 162¢ 4058 7106 890 2281
37 87 10,374 11,166 1863 4649 7€€6 1149 2867
38 . «67 10,627 11,428 1999 4990 8073 1213 302¢
39 .87 11,070 11,904 2291 5718 881G 1468 3664
40 .67 11,77 12,567 26B€ E703 980% 1830 4568
41 «67 11,719 12,02 2£04 6723 97€1 1846 4607
42 «67 11,564 12,425 257y - 8435 9419 174€ 4388
43 -83 €,753 7,119 569 1237 3898 11
44 .82 7,690 8, 760 1653 4301 118 . 246
45 .82 8,019 8,453 - 90 1978 ' 461€ 207 449
46 .82 ‘8,898 9,380 1335 2902 5613 £24 1140
47 +88 ° 9,461 9,974 1€l€. b.1:3% €173 737 1e03
48 82 9,988 10,529 181) 4155 8808 988 2147
49 .82 10,604 11,178 234€ 5100 - 7738 1369 29585
50 .82 11,088 11,657 ;844 5747 8390 1575 3424
51 .82 11,708 |+ 12,342 3128 €799 0447 2000 - 4348
52 <895 8,024 8,282 954 17856. 4111 34 €4
53 -58 9,002 9,202 14386 288E 5Q27 354 1. %]
64 T 9,824 10,244 2095 3921 €220 as8e 1606
55 «96 10,679 11,023 2668 4994 73520 1337 2503
56 <96 11,400 11,767 5254 €092 a402 1802 3574
57 96 11,6983 12,070 3500 6569 ag79 2020 . 3782
&8 1.08 ° 8,311 8,391 133e 2137 4101 122 187
59 1.09, 7,933 8, 1136 le2l 3804 ~1i =18
60 1.09 8,121 9,208 1844 2958 4934 4860 738
61 1.09 10,146 10,243 2664 4274 6250 1049 1683
62 1.08° 11,031 11,137 3441 4943 7497 1738 27689
€3 1.09 10,643 10,745 308) 5871 €042 1354 2172
€4 1.08 11,277 11,386 3€68 85520 7882 1814 2911
€5 1.09 12,216 12,335 4498 7217 91986 2548 4080 -
€6 1.08 11,784 11,897 4169 6€88 8E68 2288 3e22
€7 1.25 7,964 7,800 1388 1798 3402 ~-172 =223
68 1l.25 9,854 - 9,€51 30€7 3974 5653 828 1202
€9 1l.25 10,602 10,286~ 3616 4685 E2€8 1337 1
70 40,000 T0.67 G, 01% 9,99 €87 5,031 28€
71 +87 10,134 11,187 1075 4299 7,58Q €24 2498
72 «87 10,652 1,727 1297 518€ 8,269 8ze 3285
73 <87 11,178 12,307 1493 59€8 , 99€ 3984
T4 167 11,758 12,945 1733 €930 10,013 1217 4867
75 80,000 0.87 9,083 9,0€7 4€1 2974 20568 237 1830
7% «67 9,975 10,982 €40 4128 7207 386 2490
77 <87 10,602 11,B6€2 76€ 4940 8024 489 3150
78 «87 11,103, 12,224 900 5806 889l €10 3934
79 N:x 11,720 12,903 1065 E8E7 9953 764 4927
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N’et-t.hruat spacific

Tail-pipe indicated

Air flow. . . Fuel flow Eng.'me Point
{1b/sec) (1b/hr) combustion fuel consumption gas temperature
efficiency | {ib/f{hr}(1b thrust)} {°R)
Altitude |Corrected | Altitude | Corrected Ty Altitude | Corrected | Altitude | Corrected
LY W Ao We/Fp ¥ Tg,1 Tg,1/@
5 -1 ,\/9_ ’ Fn,\ls
39.82 30.73 575 408 77.57 prmp— —— B8E 815 1
45.95 35.63 8€4 €15 84 .94 ——— ——— 983 884 2
50.32 38.91 1053 747 88,92 | eme—= | === loz2¢e 942 3
52.25 40.40 1099 780 83.50 - ———— 1034 949 4
58.25 45.81 1388 986 97.65 | ——=—- ———— 1093 1005 5
6€.,35 51.50 1840 130€ 95.18 5.431 5,203 1155 . 1058 €
£€9.39 55.65 1784 1266 99.25 §5.79€ 5.553 1142 lo4g 7
74 .99 57.98 2511 1782 91.55 2.699 2.58€ 1224 1124 8
S7.79 40,83 BBT 5 ¥ I e 9€7 ob3 9
51.10 55.43 1318 1409 75.44 4,435 4.403 1078 10€3 10
€7.42 73.13 2573 2751 97 .62 1.771 1.758 1l2g€ 1277 11
72,79 28.96 34 343€ 97.42 1.610 1.5¢8 1400 1380 12
77 .41 85.87 3g3e . 4097 99.5€ 1.50L 1.480 1611 . las9 13 °
82.03 . _8s8.98° 4809 5141 €8,.91 _1.,4€€ 1.465 1666 1E€49
2€.91 . _ T4E 1240 68.27 —— ——— 904 988 18
37.70, 68.91 _ 1079 1704 86 .43 4.150 4.281 1017 1083 1€
47.89 74.83 1857 - 5087 9€ .20 1.871 1.724 1254 1336 17
S51.6Y 80.€4 23549 3905 88.09 1.469 1.515 1391 1481 18
55.12 - B86.12 2912 4842 9€.37 1.449 1.495 1508 1€00 19
58.28 91.0€ 3513 5842 97.%2 1.332 1,477 1649 1759 _
19,93 07,58 869 3179 75.82 1. 2.188 1116 1385 21
24 .35 70.12 992 3550 88.€0 1.604 1.788 1161 1443 22
28.44 81.90 1200 4293 100.70 1.253 1.397 1288 1598 23
30.25 87.09 1425 5097 10L.73 1l.148 1.279 1387 1724 24
31.€8 91.21 1730 €187 100.9€ 1.180 1.316 1520 1889 25
32.93 84.83 2070 7406 101.02 1.207 1.345 1€€9 2074 2€
14.92 39.76 728 2347 57.56 7.331 8.065 1010 222 a7
£22.41 59.€9 &95 2e8€ 74 .54 3.429 3.772 1047 12€7 £28
30.51 8l.27 1315 * 4240 92.77 1.614 1.E€€ 1248 15610 29
32.77 87.87 1558 5022 86.18 .383 1.821 1357 . 1€42 30
34,13 90.90 1BE7 6017 $8.08 1.324 1.457 1505 1821 31
35.73 95.15 20223 TLET 100.02 1.288 1.417 1657 2005 22
24.55 58 .97 719 1930 78.88 §.202 5.594 831 1077 33
2€.30 €1.03 ———— —— ~—— ——— ———— 985 1104 34
31.04 72.03 ———— ———— ~m——— | meeee | e———— 1063 1218 35
35.5€ 82.52 — —— ——— ——— ———— 1226 l418 3€
354 .49 80.05 153€ 4121 94 .87 1.336 1.437 150€ - 1810 37
58,02 88.23 ——— ———— —— | mewe=s | mme—- 1381 1574 38
39.77 g2.29 - ——— -— - ——— 14€7 le97 39
41,33 85.91 ——— ro—— - ———— — 1647 1905 40
40.9€ 85.05 — —— ———— ——— 1651 1909 41
40.21 83.52 2367 €353 100.20 1.38€ 1.458 1611 18&3 42
22.31 4€.01 57€ 1321 EE€.77 113.8 120.0 B256 917 45
25.€e2 52.84 796 1825 €3.78 7.058 7.440 880 978 44
27.84 57.41 775 1776 76.28 3.752 3.955 911 1013 45
32.07 €E.13" 941 2157 gl.el 1.795 1.892 101e 112¢ 4€
34,75 71.6€ 1185 2739 92,4 1.620 1.708 1118 1239 47
3€.5€ . 75.38 1437 3283 95.08 1.454 1.533 1226 1362 48
39.04 80.61 1784 41311 9€ .08 1.320 1.3901 13680 1512 49
42 .29 87.20 e1ge 5032 98.00 1.393 1.4£9 1475 1€39 50
44 €2 g2.01 2752 €307 87.85 1.375 1.450 1663 1837 51
31.09 85.38 806 1568 72.38 23.58 24,34 881 839 52
3€.556 66.29 losz2 2110 110.91 3.083 3.182 1014 1081 53
41.82 75.84 153€ 2867 g4 .61 1.789 1.847 1198 1277 54
45.0L 8l.83 2052 3964 97.42 1.534 1.583 1386 1477 BS
49.11 89.07 2660 5140 88.08 1.475 1.523 1549 1651 &6
50.35 gl.32 2979 5757 97.95 1.475 l1.522 1628 1738 &7
35.99 57.19 860 1383 99.62 7.004 7.071 868 88s 58
34.11 €4.20 €8a 110% 77.87 ————— ————— 836 862 &9
41.17 85.42 1064 1727 94,24 2.514 2.336 1017 1037 §0
48.04 76.35 175€. 2644 87.00 1.673 1.€89 1236 1267 61
50.65 80.49 2479 4018 9€.74 1.425 1.439 . 14€9 1497 62
51 .40 g8l.68 2173 3519 98.22 1.605 1.€20 1550 1376 €3
54 .90 87.25 2757 44€5 88.74 1.518 1.533 1501 1830 €4
57.99 92,16 3773 €111 100.28 1.480 1.4984 1796 1831 65
58.86 80.3€ 5339 5408 98.48 1l.479e 1l.493 1650 1€82 66
40.2¢€ 65.27 E€4 843 74 .92 ~eman | emea- aoe - 769 &7
§5.21 ?5.05 1799 2283 87.62 1.939 1.899 L 118l 1143 €8
58.80 77.80 2249 ‘2854 88,99 1.€81 1.€4€ 1307 1254 69
13.33 70.1% 907 — o904 €4.80 — 5.066 3.576 10654 1278 70
22.31 8l.01 1174 51€8 75.52 1.880 2.070 123€ 1498 71 .
23.51 85.38 1381 5948 7¢.88 1.644 1.810 1355 142 72
24.54 89.12 . 182% 6713 B8E.3€ 1.5830 1.684 1499 1817 73
25.€3 $3.10 1788 7916 89,84 1.477 1.82€ 1867 2021 74
11.07 £4.85 €85 48€3 52.01 2.887. 3.178 1086 1317 75
12.87 73.59 785 5570 €4 .€1 2.051 . 2.23€° 1245 1509 76
13.73 80.43 |ls 8615 €8.13 1.878 2.0€e8 1385 1643 77
14.35 84.03 r1112 769€ 70.60 1.823 2.007 1508 1829 78
14.88 87.15 1315 73.88 1.720 1.894 1694 2053 79
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TABLE III - REYNOLDS NUMBER INDEX VARIATION
WITH FLIGHT MACH NUMBER AND ALTITUDE
Altitude|Flight [] ) ? Re lds Altitude| Flight ] Reynolds
{(rs) M’agﬁ mzx?toxer (rt} Magﬁ 8 ? nlg:rn"ber
number index number index
5/ovE 5/948
] 0. 1,000 1,000 |1.,000 | 1,000 30,000 0,6 0.3787 10,8509 [0,8862 |0.4633
o1 1,007 |1.,002 }1,002 | 1,004 7 4118 | .B715 | .9028| .4886
.2, [1.028 |1,008 (1,006 | 1,018 8 «4522 | .8654 | .9207} .5190
-] 1.064 [1,018 (1,013 | 1,041 .- .5019 | 9222 | ,9416{ 5551
) 1,117 1,032 [1.023 | 1.075 1.0 25610 | ,9524 | ,8656| ,5964
5 1,186 (1,050 [1,036 [1,117 35,000 Q. 0.2352 [0,7595 |0.8149[0,3319
Y] 1,276 (1,072 [1,061 |1.173 .1 «2368 ) 7611} 9164} .3326
o7 1,387 [1,098 [1.069 |1,238 2 «2418 | 7655 .5196( .3372
8 1.524 [1,128 |1,090 [1,.316 3 2502 | (7732 | 8257 ,3446
s 1,681 |1,162 11,117 |1,404 4 «2627 | .7838B | ,8337 .3559
1.0 l. 1,200 (1,141 [1,E186 o5 «2788 | 47975 | .B443| .3699
5000 8] 0.8318 [0.9657 [0,9753] 0,8679 «6 «3001 | .9141| ,B8676| .3878
1 .3374; ,9676| ,9764] ,8718 o7 .3282 | ,8339 ] .B727] ,4093
&2 .8554 [ ,9734| .98 88398 «3 «3583 | +8566 | +8910[ 4345
3 .2852| ,9830( .9875| .9041 1] 3977 | 88251 9111 4647
ok .9291 | ,9965| ,9973] .8333 1,08 24452 | ,9112 | ,68334| ,4967
] .9868 11,014 |1,010 . 9703 40,000 [s] 0.13853 0.7572 [0,8130 [0, 261
-] 1l.081 1,035 [1.025 [1.018 ol +1866 | .7588 | ,8141] .2631
o7 1,154 (1,060 {1,044 |1.,073 o2 « 1905 | 7632 | 8175} 2687
.8 1,268 |1,089 (1,064 |1,141 «3 21872 | 7709 | .8238] .2726
9 1,407 1,122 [1,086 |1.223 o4 «2070 | -, 7815 | 2321 .2814¢
. 1.0 1,576 1,159 13,117 |1,308 5 +2198 | 47950 | .8430| .26524
10,000 [¢] o.6881 l0,9312[0,9491] 0,7513 & .25€4 | .9118 | .8582] ,.306S
ol 69231 ,9331| .9504{ .7541 7 «2570 1 .83514 | ,8714| ,3235
2 «7075 | ,9387| 9549 ,7647 s-] «2824 | .8539| .8888[ .3438
3 .7520| ,94801 ,9621] .7814 9 «3134 | 8798 | .9090| .3676
4 7684 ,9809; ,9714] .806%9 1,0 3506 ]| ,9086 ] ,9310] ,3951
-] .8157! ,9776; ,9836| .8388 45,000 a 0.1469 |0.7572 |[0.8130|0.2062
-] «8776, ,9983;, ,9989 .5784 el .1466 | 7588 .8141] .2071
o7 «954271,022 |1,016 9292 .2 .1500 | .7632 | .8175} .2100
8 1,048 [1,050 [1,037 . 9859 3 <1552 | 7709 | .8239..2145
¥ 1,163 (1,082 (1,058 |1,057 o4 <1630 | .7815| .8321( .2218
i.0 1,302 (31,117 (1,083 (1,137 5 « 1730 | 7950 ,5430, .2302
15,000 [o] .5643 10,8969 |0.9223] 0, 6461 -] .1862 | .8118 | .B562| .2414
el «5681 ,8987 [ ,9233| .6490 7 «2024 | .8314| .,8714! ,2548
2 <5799} .9040| ,9281| .6572 «8 .2224 | .8539} .8889] .2708
-] 6002 ,9131| ,9347| ,6720 -] 2467 ,8798 | .9090f ,2894
o4 .6300| .9266| .9448| .6931 1,0 £2762 | ,9085} ,931D] ,3112
] 6692 ,9416| 9570 .7206 50,000 [o] 0,1149 [0,7572 [0,8130(0,1624
.6 .71¢8| ,9€15| ,9718] ,7553 ol «1157 | 75688 | .5141° ,1631
7 .7826| ,9848| ,9891f ,7973 2 «118) | 7632 | .8B176| .1654
s .860111,012 1,008 .8482 3 1283 [ ., 7709 | .82839| .1691
8:) .9542 1,042 |1,031 «9082 o4 .1284 | ,7815 .8321} .1746
1,0 1.068 11,076 ;1,055 + 9762 5 .1362 | ,7950 ) .5430]) .1812
20,000 o 0.4596 |0.8626 |0,8960] 0,5523 N .1466 | .B118 6862 .190Q
o1 «4€25] ,8644| ,8966| ,5553 o7 .1584 1 ,631¢ | 8714 .2006
2 «4726| ,8686| 9016 .56822 8 «1751 ) .8539 ( .8889( .2132
3 .4891 | ,8780| ,9072| 6764 ] .1943 [ ,8798 | .9090( .227%
o4 .6132| .,8902 ) ,9172| ,5930 1.0 +2175 | ,9085 ! ,93510) ,248}1
s 5484 ,9058( 9289 ,6170 55,000 [¢] 0,0905 0,7572 0.81300,1279
-] +E865 | ,9247] ,0440| ,6461 o1 .0911 | 75881 ,8141| .128§
7 63751 .9470]| .9610| .6817 2 .0830 | ,7632 ;: ,8175] .1302
8 «7004 | ,9728| ,9798] ,7248 x4 «0963 | .7709 | ,8839§ 1331
9 «7769 1,002 |1,002 <7746 <4 . 1011 | .7816 | 8321 ,1374
1.0 «870011,035 (1,026 | .8343 5 «1073 | .7950 | .8430| .1428
25,000 [] 0,3713 [0,8281 [0,8682! 00,4696 6 .1155 ¢ .8118 ! .8562| .1497
el o373 | 8299 8700 4715 PR «1255 | .8314 i «2714 . ,1580
2 .3814 | ,8347 | ,8740| .4778 1] .1376 | ,EE39 | .3889 | .1€679
3 .3648 1 ,8430| .8804| .4884 .9 +1539 | .8798 l «6090] .1795
o4 «4145 ) ,B8545| ,88%91l| .5043 1,0 - 22713 | ,30 «F51041 L1930
o5 043881 ,8696] ,9016] ,5033 60,000 0 ,0713 P.75872 10,8130 :0.1008
6 .47311 .8877 | .9151| ,E487 a1 .0717 | .7588 | .B141| .1011
«7 «E147 | ,9092  ,9316] .5794 2 0733 | 7632 | .8175| .1026
-8 «5657 | 9339 ,9515| L6152 3 .0768 | .7709 ' 5239 ,1048
-] 6276 | ,9620| ,9724] ,.6581 o4 .0786 | ,7815 | 83211 .1082
1.0 27025 | ,9934 1 ,9950| 7082 «5 0845 | ,7950 | .34Z0)| .11l24
30,000 o] 0.29¢€8 [0,7938 (0,8414{0,3559 8 .0e08 ! 8118, .8562; .1178
.1 . «2989 | 7954 | ,8430| ,3975 7 .0988 | .,8314 | .8714 ! ,1244
.2 «3052}1 ,8002 | .,8469| ,402% 8 .1086 | ,8539 | .8889| .1322
3 .3158 | .8081| ,8525| .4121 .9 1205 | ,8788 . ,8090| ,1413
o4 331651 8193 | .8621| .4248 1.0 1349 | 9085} .2310]" .1520
) 3518 | .8335| .8727) .4416
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TABLE IV - ALTITUDE
Point| Average|Average|Alti- |Inlet| Inlet | Correc-|Correc-|Correc-|Correc-|Correc~-
correc=| flight | tude total| total | ted jet|ted Jst-ted alr ted ted
ted Mach (£%) tem~- | pres- | thrust [thrust | flow fuel tail-
engine | number \pera-| sure FJ/B parame- Waﬂfﬁ flow pipe
speed Mo ~ ture Py (iv) eter =5 We temper-
(rpm) Ty 1b Fj"'POAS 1p ] ature
X e |Gah) | (s59) ® 6,1
Ve (°R)
1 11,750 | Q.37 10,000| 510 | 1600 5002 | 87390 87,35 | 51984 1700
2 20,000| 526 1068 489% 8687 86,04 5326 1696
3 30,000| 530 688.0 4841 8629 84,57 5366 1709
4 40,000| 529 427.2| 4852 8640 84.6% | 5485 1703
5 s 50,000( 524 262.9 4683 8471 80. 85 5618 1728
[§ 11,750 0.62 10,000 524 1885 5554 8799 86.28 0253 1700
7 : 20,000 529 1266 55086. 8711 85,77 5255 1695
8 30,000| 518 828.7| 5426 8631 85.53
9 ’ 40,000} 517 507.5 5342 8547 83,85 5283 1700
10 50,000} 526 3158,1 5241 8446 83,02 5379 1685
11 60,000| 523 197.2] 5111 8316 8l.64 5713 1710
12 11,7507 0.91 20,000] 520 | 1646 6334 8785 85.28
i3 . 30,000 528 | 1077 6319 8770 85.14 5236 1890
14 40,000| 529 665 6325 8776 886.07 5276 1685
15 50,000| 522 412 6196 8647 83,12 5313 1687
16 60,000( 532 245 5988 8439 8l.48 | 5572 1719
17 65,000| 535 192 5922 | 8373 80.63 5622 1730
18 10,60 0.37 110,000 527 | 1607 5582 7312 76.06 5581 1445
19 -120,000| 825 | 1073 5435 7223 76.15 | 3534 1441
20 30,000 519 705.6] 3359 7147 784,18 | 3485 1441
21 40,000 524 430.6| 3302 .| 7090 74,32 | 3717 1468
22 §0,000] 528 262,3] 3333 7121 70.44 3540 1501
23 60,000 536 163.4f 3111 ‘6899 | 66.59 | 4680 1576
24 10,600 0.62 [10,000{ 522 | 1899 3801 7085 T7.70 | 3350 1574
25 20,000| 521 1265 3881 7096 77.81 | 3373 1384
26 30,000 522 826.0{ 3857 7062 78.28 | 3395 13574
27 40,000 525 509.1 3775 .| 6878 76.02 3475 1382
28 50,000| 524 314.3, 3696 6901 73.53 3544 1407
29 : 60,000 528 190.1] 3616 6820 70.79 4146 1448
50 | 10,600 0.981 <G,0007 518 | 1646 4841 7052 77 o 87 N
31 30,000| 518 | 1077 4592 7043 77.61 3282 1383
32 40,000 518 664.1] 4601 7062 76,70 | 3343 1382 -
33 50,000 532 412,.,4| 4488 6939 75.63 3431 1366
34 60,000} 522 245.4] 4404 6855 73.25 | 3816. 1397
35 65,000| 525 203.7| 4302 6753 72.13 3921 1411
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CORRECTION~-FACTOR DATA

Reyn-| F;/6 F;+p Wa Af3F W T Combus-|{ WrTh 2T Foint
olds ‘(p'ly—'J SL "'Lg—OAB' 5 -(g—fﬁ _e_z...s S t%g? TWE__ Wa alt
g‘;‘: (F3*Poha/sL, Wa)SL £lsn| ' 6,1'SL| clency| &7 /SL|/Wr

index ’ Wa SL
i}

PA®

0.7561(1.0004 1.0011 1.012 j0.9856( 1,000 1.021 1.0006 0.9887 1,
.5038] .9728 «39894 «9981(1.011 « 9976 +390 « 8949 « 9968 2
<3251 .9682} ' . .9828 .9811(1.018 1.0053 « 980 « 9923 1.011 3
« 20191 9704 «9840 .9818]1.041 1.0018 . 958 «9915 1.010 4
<1242 .9366 . 9648 .9381|1.066 1.0165 + 925 9808 1.045 5

0.8808}1.0079 1.0045 .001 11.01 1.0095 1.016 | 1.0032 [ 1.002 6
« 59831 .9921 + 0044 .9950[1.,014 1.0012 1.002 . 9898 «9948 7
«3907| 9777 .9853 -~ «9922(1.009 1.000 «995 « 9774 «9851 8
«2398) .9625 « 9757 «9727]|1.020 1.004 « 975 « 9682 » 9954 9
«1489| .9443. « 9642 »963L}1.038 1.0012 + 956 « 9665 1.004 10
«0932| 9209 « 9493 «.9470]1.103 1.010 » 880 « 3558 1.009 11

0.7779]0.9960 1.0006 0.9974[0,992 1.010 1.024 "0.9987 1.001 12
« 5090 .9966 «.9989 «985711.011 1.000 « 391 « 98486 «9889 13
«3143! .9978 « 9995 .9950[11.019 «9970 « 979 .9801 « 9850 14
« 1947 9773 » 9846 . 9722]|1.026 .9982 . 950 » 9577 «9851 15
+1158| .9445 « 9612 «9530}1.Q076 1.0172 . 922 » 9748 1.023 16
« 08071 9341 « 9536 «5943011.085 1l.024 « 883 29419 . 9988 17

0.7566[1.009 1.0058 1.001 [1.023 1.000 0.997 1.0028 1.008 18
« 5071 .9891 -« 9935 l.002 |(1.010 « 9972 1.001 » 9938 «9918 19
«3335| .9680 « 9831 .9888| .9957| ..8972 « 879 . 9584 « 59693 20
« 2035 +951, « 9752 «9779]1.062 1.0159 « 850 « 9919 1,014 21
«1240| .96 « 9795 «926811.126 1.0388 « 901 »9972 1.076 22
o 0772| 8965 « 2490 «8762|1.337 1.091 « 778 1.0228 1.167 23

0.8974[0.9977] 1.0008 10.9787]1.000 1,001 0.998 C. 9949 1.0166 24
«5978) .2977 1.0008 1.000 ;1,007 1.008 1.002 1.0060 1.006 25
«3904| ,9889 + 9961 1.006 |1.013 1.001 « 989 « 9994 « 3944 26
«2406{ .9674 « 9842 «G771]|1.037 1.007 « 958 » 89908 1.015 27
«1485} .2477 « 9733 «9451|1.058 1.025 « 936 .9872 1l.045° 28
+0898| 9269 « 9619 «9099|1.238 1.055 « 804 « 2920 1,080 29

0.7779[0.9981 0.9989 1.001 |1.010 | 1.004 0.220 1.0034 1.002 30
«5090| 2875 « 8920 «2876[1.004 1,001 « 988 » 9948 « 9972 31
+3138] 2895 .$932 «985911.022 1.001 « 3962 « 9865 1.001 32
«1947| .9652 « 9773 «9721|1.049 1.011 ° «938 « 9871 1.018 33
«1158] .9471 « 9855 «8415{1.167 | 1.034 . 857 1.0031 1.065 34

..0964| .9252 .9511 «9271|1.199 | 1.044 .806 <9693 1.046 35
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Compreascr inlet,

Diffuser ocutlet,

abatlon 2 ptation 5
gtf%iml;ﬁ » Compreesor outled,
- on ptation 3 Tall pipe,
\ Turbine inlet, statlon 6
c 2 station 4 Jet-nogzle
on;;‘ = :Lnlet,
""-o.%%:f‘-. statiam 7
H “"-(:.? Jet-nozele
outlet,
gtation &

0 #mbient :
-:;000"’_,-" (free atreanm),
.= atation O

4

Figure 2. - Ingtmmentation stations.
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-

(e} Cowl inlet, station 1; thermocouple locations.

® Thermocouple

glie

1“
2 | ]

w I / ' 729\ (typloal}
1"
i éja
]
b '
0,05 0, D,
tubing . - - - g e e —n
I
t R
Total-pressure-probe
details R

O Total-pressure - g0 W
probe - . o
@ Thermocouple i i

|
(v)  Compressor inlet, statlon 2; instrumentaticn on fore and _a_f-b Boreens ;Ld.entif:al.

i T s e

Figure 3. ~ Detells of instrumentatlon.
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25" 3 T.. RASSSSSSS :
222 23 +
"t 2 32
= 1 || —— 1
Alr
—
f 101! 7 " — -— -— -
532
‘ t=ﬁ
l L V4
lw
W

32

(¢} Compressor outlst, stetion 33 typlcal instellation (adapters 4, 9, and 13).

Thermocouple a—
Total presswre (____

(&) Compressor outlet, station 3; typloael installatlon (adapters 1, 2, 3, and 12),

Figure 3, - Continusd. - Deteils of instrumentation.
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¢tie

(8) Twrbine inlet, station 4; one total-pressure and thermocouple
probe in sach combustor; typical inatallation. .

1269

@ Thermocouple

{f) Diffuser-outlet thermocouples; station 5.
Figure 3, ~ Continued. ~ Detalle of instrumentaticn,
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Symuetrical
about center

(g) Tmil-pipe thermocouple wing, station 6.
Figurs 3, - Continued. Detalls of instommentation.

LOTISE WI VOVN

e



e e e e e el

gy ]

L

T O

/I g
o
]
z/ °
.
/; 9
18,08"
Q
24— 13.63" :
_ 20,27 i
19717 ) }
19.09"-—\\ 10,31"
\\ i
17,737 |
NN ©
16.91"— ]\ .
A N 6,99
1 NUN \ i 0
n ™ ’ .
3 NN o
8 3 ’ \
|/ 16 % .’[ o
L : 11
t‘ 4,56 _/ Q Totel prossure
‘ n 3,71" . Static preasure
A1l tubing % outer diameter  a"
1.53" '
0.91"
0.35"

(b} Tail-pipe rake {Jot-nozzle inlet), station 7,

Flgure 3, - Gomcluded, Details of inatrumentation.
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4000 6000 8000 10,000 12,000
. Engine speed, N, rpm
Figure 4. - Effect of altitude on Jjet thrust. Flight Mach num-
ber 0.67.
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Net thrust, F,, 1b
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1200
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NACA RM ES1BO7

/‘k 279
f Altitude
(rt)
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o 20,000 @
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v 40,000 /
.0 50,000 /
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» .

4000

8OO0 . 8000 - 10,000
Engine speed, N, rpm

"12,000

Filgure 5. - Effect of altitude on net thrust. Flight Mach num-~

ber, 0.87.
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90 ATtitude
(rt)

o 0

o 10,000 F
80 s 20,000

A 30,000

v 40,000

a 50,000 y
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Air flow, Wy, 1lb/sec
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40

30 >//'/ ////’)
. e
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4000 6000 8000 10,000 12,000
Engine speed, N, rpm
Flgure 6. - Effect of altitude on ailr flow. Flight Mach num-

ber, 0.67.
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4500 /.—\_4809
Altlitude
(£t) /
4000 ° o
o 10,000 %
o 20,000
A 30,000 (
v 40,000 /
5500 ) 50,000 / 77\
3000 7
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= 2500 - g/
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50035 ~B0O00 .. 8000 . 10,000 12,000

Figure 7. - Effect of altitude on fuel flow.  Flight Mach number, 0.67.
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Net-thrust specific fuel consumption, We/Fps 1b/(hr)(1b thrust)

1.4

1.0

6000

p4dAbO DO

Altitude
(£t)

0
10,000
20,000
30,000
40,000
50,000

"

D

=

A

8000

10,000

Englne speed, ﬁ! rpm

12,000

Figure 8. - Effect of altitude on net-thrust specific fuel con-

sumption.

Flight Mach number, 0.87.
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ATEitude
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Figure 9. - Effect of altitude on tail-pip
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- 4500 Ram Fiight
~ pressure Mach -
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Figure 10. - Effect of flight Mach number on Jjet thrust.
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2800
Ram Flight
pressure -Mach /3
ratio number
2400 P /p Mg
1/ Po . .
o 1.0577  0.27
o 1.15° .45 '
O 1.35 .67
A 1.55°7° ¢ gp" v
2000 v’ 1.80 .96
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D 2.60 1.25 - &
1600 f
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& 1200
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P
o
=
800 :
{1
400
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0— /y
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-402 1 - .
000 . 6000 "8000C 10,000 12,000 14,000
Engine speed, N, rpm -
Figure 11. - Effect of flight Mach number on net thrust. Alti-

tude, 30,000 feet.
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Ram Flight
pressure Mach
ratio number
P]_/Po Mo
o 1.05 0.27
a 1.15 .45
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(a] 2.10 1.09
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Engine speed, N, rpm
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Figure 12. - Effect of flight Mach number on air flow.

Altitude,

30,000 feet.
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Corrected fuel flow, Wy/648, 1b/hr

Flgure 19. - Effect of altitude on gorrected fuel flow. TFlight Mach number, 0.67.
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Figure 28, - Ratlo of aectual to predicted alr flow.
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